Cell adhesion complexes provide platforms where cell-generated forces are transmitted to the extracellular matrix (ECM). Tyrosine phosphorylation of focal adhesion proteins is crucial for cells to communicate with the extracellular environment. However, the mechanisms that transmit actin cytoskeletal motion to the extracellular environment to drive cell migration are poorly understood. We find that the movement of p130Cas (Cas, also known as BCAR1), a mechanosensor at focal adhesions, correlates with actin retrograde flow and depends upon actomyosin contraction and phosphorylation of the Cas substrate domain (CasSD). This indicates that CasSD phosphorylation underpins the physical link between Cas and the actin cytoskeleton. Fluorescence recovery after photobleaching (FRAP) experiments reveal that CasSD phosphorylation, as opposed to the association of Cas with Src, facilitates Cas displacement from adhesion complexes in migrating cells. Furthermore, the stabilization of Src-Cas binding and inhibition of myosin II, both of which sustain CasSD phosphorylation but mitigate Cas displacement from adhesion sites, retard cell migration. These results indicate that Cas promotes cell migration by linking actomyosin contractions to the adhesion complexes through a dynamic interaction with Src as well as through the phosphorylation-dependent association with the actin cytoskeleton.
INTRODUCTION
Cell migration plays important roles in both physiological and pathological processes; from normal tissue development to cardiovascular disorders and cancer metastasis (Ridley et al., 2003) . Actomyosin interactions generate contractile forces, which are transmitted to the extracellular substrate through focal adhesions. This subsequently drives cell migration (Chen, 2008; Ridley et al., 2003) . Adhesion complexes incorporate a wide variety of molecules, including cytoskeletal proteins, adapter proteins, kinases, phosphatases, small GTPases and their modulators (Geiger et al., 2001) . Focal adhesions also provide platforms where extracellular cues are converted into intracellular signals (Schwartz, 2010; Zaidel-Bar et al., 2007) . Integrinextracellular-matrix (ECM) binding initiates the tyrosine phosphorylation of focal adhesion proteins such as paxillin, FAK (also known as PTK2) and p130Cas (Crk-associated substrate, hereafter referred to as Cas; also known as BCAR1), which then promotes actin remodeling, actomyosin contraction and focal adhesion turnover (Kawauchi et al., 2012; Meenderink et al., 2010; Parsons, 2003) .
Continuous turnover of focal adhesions is crucial for rapid cell migration (Webb et al., 2002) . Individual focal adhesions in fibroblasts have a typical lifespan of ,30 min (Delorme-Walker et al., 2011; Kuo et al., 2011; Meenderink et al., 2010) . Both the assembly and disassembly of focal adhesions are reportedly modulated by tyrosine phosphorylation of several focal adhesion proteins including FAK, paxillin and Cas (Geiger et al., 2001 ). This suggests that the regulatory mechanisms of focal adhesion turnover involve tyrosine phosphorylation. Actomyosin contraction plays a crucial role in the dynamic regulation of focal adhesions (Geiger et al., 2001) , and actomyosin-derived forces modulate the dissociation of molecules from focal adhesions (Lele et al., 2006; Wolfenson et al., 2011) in conjunction with their retrograde fluxes (Brown et al., 2006; Hu et al., 2007; Guo and Wang, 2007) . By contrast, tyrosine phosphorylation of focal adhesion proteins is enhanced when forces are exerted onto the adhesion sites . However, it remains unclear how these effects of actomyosin force on molecular dissociation and phosphorylation are coordinated to achieve the regulated dynamics of focal adhesions in migrating cells.
Among those aforementioned focal adhesion proteins, Cas, which we have previously reported to link mechanical forces to tyrosine phosphorylation signaling (Sawada et al., 2006) , is of particular interest. Through phosphorylation of its substrate domain (CasSD), Cas participates in the regulation of cell migration. This has been revealed by observations made in Cas-deficient fibroblasts expressing several different forms of Cas variants, including a phosphorylation-defective mutant (Meenderink et al., 2010) . Upon Cas recruitment to adhesion sites, CasSD is phosphorylated by Src family kinases (SFKs) (Fonseca et al., 2004) . In turn, CasSD phosphorylation regulates focal adhesion turnover and cell migration (Meenderink et al., 2010) .
Cas associates with focal adhesions through its N-terminal SH3 and C-terminal Src-binding domains (CasSB) (Nakamoto et al., 1997) , which have been reported to bind directly to FAK and Src, respectively (Nakamoto et al., 1997; Polte and Hanks, 1995) . Src therefore has dual roles on Cas at focal adhesions; firstly, as a kinase, it phosphorylates the tyrosine residues in CasSD, and secondly, it acts as a scaffolding protein that tethers the Cas molecule to the adhesion complex.
In this study, we find that Cas molecules located at adhesion sites move inward along with filamentous actin. Using a total internal reflection fluorescence (TIRF) microscope in fluorescence recovery after photobleaching (FRAP) experiments, we demonstrate that the displacement of Cas molecules from adhesion sites is accelerated by CasSD phosphorylation as well as by actomyosin contraction. Our TIRF-FRAP analyses also reveal that Cas displacement is hampered by its association with Src, which occurs through the Src-binding domain. Furthermore, stabilization of the Src-Cas association by genetic engineering retards focal adhesion turnover and cell migration without decreasing CasSD phosphorylation.
Collectively, these findings suggest that Cas displacement at adhesion sites plays a significant role in linking myosin-mediated centripetal fluxes of the actin cytoskeleton to cell-substrate contacts. We propose that the displacement of Cas molecules from adhesion sites reconciles the discrepancy in dynamics between the two cellular components; one of which is the inwardly moving actin filaments, with the other being the stationary adhesion complex. This might constitute a mechanism by which Cas transmits actomyosin-derived forces to adhesion sites, thereby driving cell migration.
RESULTS

Actomyosin-driven inward movement of Cas from adhesion sites
To examine whether Cas molecules behave as a component that moves in relation to actin fibers, we first analyzed the correlation between the movement of Cas molecules at focal adhesions and the myosin-II-driven flow of actin filaments. To achieve this, we monitored the movement of Cas molecules and actin filaments simultaneously in the presence or absence of Y-27632, a ROCKspecific inhibitor that downregulates actomyosin contraction (Uehata et al., 1997) . Because the effects of Y-27632 on cell behavior can vary depending on experimental conditions (Nakayama et al., 2005; Olivero and Furcht, 1993) , we tested various concentrations (0-20 mM) of Y-27632. Consistent with previous reports describing the dissociation of adhesion complexes upon inhibition of actomyosin contraction (Balaban et al., 2001; Hirata et al., 2008) , treatment with 10 mM or 20 mM Y-27632 disrupted the distinct assembly of focal adhesions and actin cytoskeletons (supplementary material Fig. S1A,B) . However, the shape of the focal adhesions and their connection to actin cytoskeletons were retained at a lower concentration (2 mM or 5 mM) of Y-27632 (supplementary material Fig.  S1A,B) . In addition, the punctate distribution of Cas molecules and their phosphorylation were also preserved in the regions close to the leading edges of cells treated with 5 mM Y-27632 (supplementary material Fig. S2 ). Despite this, from the significant decrease in FAK phosphorylation (Fig. 1A) , treatment with 5 mM Y-27632 appeared to compromise actomyosin contractility . We therefore examined the role of actomyosin contraction in the dynamics of Cas at focal adhesions using 5 mM Y-27632.
When we viewed mCherry-tagged actin and GFP-tagged wildtype Cas (GFP-CasWT) expressed in migrating Cas-deficient fibroblasts using a TIRF microscope, we observed that GFPCasWT colocalized with mCherry-actin in the leading lamellae (Fig. 1B) . Time-lapse imaging demonstrated that GFP-CasWT moved inward along with the flux of mCherry-actin (Fig. 1C) . Both GFP-CasWT and mCherry-actin movements were slowed down by inhibiting actomyosin contraction by treating cells with Y-27632 ( Fig. 1D-F ; supplementary material Movies 1, 2). Furthermore, treatment with 5 mM Y-27632 hindered cell migration ( Fig. 1G ; supplementary material Fig. S1C ) and extended the lifetime of focal adhesions ( Fig. 1H ; supplementary material Fig. S1D ). Similar results were obtained when we treated cells with a low concentration (10 mM) of blebbistatin (supplementary material Fig. S3 ), a myosin II-specific inhibitor that also impedes actomyosin contraction (Kovács et al., 2004) . These results suggest that the inward movement of Cas molecules correlates with an actomyosin-driven actin retrograde flux that promotes focal adhesion disassembly and cell migration (Gupton and Waterman-Storer, 2006 ).
The inward flux of Cas is dependent on its phosphorylation
Because phosphorylation of the CasSD reportedly plays a role in focal adhesion disassembly and cell migration (Meenderink et al., 2010) , we explored whether or not the movement of Cas molecules was dependent on their phosphorylation. When we viewed GFP-CasWT or its phosphorylation-defective mutant GFP-Cas15YF (Sawada et al., 2006) coexpressed with mCherrytagged actin in migrating Cas-deficient fibroblasts ( Fig. 2A) , we found that the movement of GFP-CasWT was significantly faster than that of GFP-Cas15YF ( Fig. 2B,C ; supplementary material Movies 3, 4). These results suggest that the inward movement of Cas molecules is dependent on CasSD phosphorylation. By contrast, the velocity of mCherry-actin retrograde flow was not significantly different between GFP-CasWT-expressing and GFP-Cas15YF-expressing cells ( Fig. 2B,D ; supplementary material Movies 3, 4). Considering that the actin retrograde flow in the leading lamellae is driven by actomyosin contraction ( Fig. 1D,F ; Ponti et al., 2004) , CasSD phosphorylation does not appear to upregulate actomyosin contraction. Taken together with the observation that neither Y-27632 nor blebbistatin treatment decreased CasSD phosphorylation ( Fig. 1A ; supplementary material Fig. S3E ), it seems that CasSD phosphorylation is independent of actomyosin contraction (Hotta et al., 2014 ), yet links Cas molecules to actomyosin-driven actin retrograde flux.
FRAP analysis reveals that actomyosin contraction drives the displacement of Cas molecules from adhesion sites Because we identified a correlation between the movement of Cas molecules and actomyosin-driven actin flux (Fig. 1D-F) , we examined the mobility of Cas molecules at the sites of cell-ECM adhesion with reference to actomyosin activity. To this end, we conducted FRAP experiments using a TIRF microscope. Combining TIRF and FRAP allowed us to exclusively analyze the events on the lowest plane of adherent cells (,100 nm from the surface of the glass coverslips), where focal adhesion complexes are located (Kanchanawong et al., 2010) , as well as to selectively photobleach fluorescent proteins fused to the Cas proteins localized at focal adhesions but not those in the cytosol. We monitored the recovery of fluorescence emitted from the fluorescent protein tagged to wild-type Cas at individual focal adhesions located in the leading lamellae of migrating cells during wound healing (Fig. 3A) . The recovery of the fluorescence of GFP-CasWT was significantly impeded by Y-27632 treatment (Fig. 3A,B) . When we calculated the mobile fraction (M) and half-recovery time (T 1/2 ) from the fluorescence recovery curves (see Materials and Methods), we found that Y-27632 treatment led to a significant increase in T 1/2 as well as a significant decrease in M (Fig. 3C,D) . These results suggest that the exchange of Cas molecules at adhesion sites is accelerated by actomyosin contractions. We then tested blebbistatin in the TIRF-FRAP analysis ( Fig. 3E-G) , and we found that the blebbistatin treatment decreased M without significantly changing T 1/2 (Fig. 3F,G) . The decrease in M, which was observed in both Y-27632-treated ( Fig. 3C ) and blebbistatin-treated (Fig. 3F ) cells, is likely a consequence of actomyosin inhibition. By contrast, the difference in the effect on T 1/2 between Y-27632 and blebbistatin treatments might be due to the Y-27632-induced downregulation of a wide range of ROCK targets. These not only include actomyosin contraction, which would be affected through the myosin regulatory light chain and myosin phosphatase, but also cell acidification (Bourguignon et al., 2004) , focal adhesion maturation (Tsuruta and Jones, 2003) and modulation of various actin-binding proteins (Kimura et al., 1998; Fukata et al., 1999) . Whereas T 1/2 represents the rate of Cas molecule exchange between the adhesion site and the cytosol, which occurs quickly (over a timescale of ,20 seconds) (Fig. 3D,G) , M represents the extent of occupancy of Cas molecules at focal adhesions ( Fig. 3C,F) (Carisey et al., 2013) . The results shown in Fig. 3B -G therefore suggest that myosin II activity is responsible for the displacement of 'stably residing' Cas molecules from focal adhesions but not for the fast exchange of Cas. Considering the rate of inward movement of Cas molecules (0.0860.01 mm/min, Fig. 1E ) and the size of individual focal adhesions, which was measured along their long axes (typically 1-5 mm; Kim and Wirtz, 2013; Oakes et al., 2012; Wells et al., 2010) , actomyosin-driven Cas displacement from focal adhesions appears to be an event with a timescale in the order of (tens of) minutes, but not seconds. Based on these notions, we analyzed the M value in our TIRF-FRAP experiments to further study the role of Cas displacement in regulating cell migration (Figs 4-6).
CasSD phosphorylation facilitates the displacement of Cas molecules from adhesion complexes, whereas Src binding tethers Cas to adhesion sites It has been reported that both CasSD phosphorylation and the association of Cas with Src are important for Cas to regulate focal adhesion disassembly and cell migration (Meenderink et al., 2010) . We therefore examined the mobility of Cas molecules at adhesion complexes in migrating cells, with particular reference to CasSD phosphorylation and Src binding, by investigating the TIRF-FRAP dynamics of Cas variants in which either or both of these two elements were altered (Fig. 4A) .
We first tested whether displacement of Cas from adhesion sites was modulated by the phosphorylation status of CasSD. When compared with GFP-CasWT, the phosphorylation-defective mutant GFP-Cas15YF showed remarkably slower fluorescence recovery ( Fig. 4B ) with a smaller mobile fraction (Fig. 4C ). This indicates that the mobility of GFP-Cas15YF at focal adhesions is attenuated as compared with that of GFP-CasWT, and suggests that CasSD phosphorylation accelerates the displacement of Cas molecules from adhesion sites.
We next examined the role of the Src-Cas association in the mobility of Cas molecules at focal adhesions. To preclude the effects of CasSD phosphorylation, we compared GFP-Cas15YF with GFP-Cas15YF/mPR, both of which were phosphorylation defective (Fig. 4D ). mPR is a Cas mutation in which the prolinerich region of the C-terminal Src-binding domain in Cas is mutated (Fig. 4A) , therefore the association with Src is attenuated in CasmPR (Ruest et al., 2001) . We found that the mobile fraction of GFP-Cas15YF/mPR was larger than that of GFP-Cas15YF (Fig. 4C) . This indicates that a reduction in Src-Cas binding by mPR mutation expedites the displacement of Cas molecules from focal adhesions independently of CasSD phosphorylation and, thus, that the Src-Cas association tethers Cas molecules to adhesion complexes.
Fluorescence recovery was also compared between GFPCasWT and GFP-CasmPR, but no significant difference was observed in the mobile fraction (Fig. 4C) . This is probably due to the offset between two opposing elements in CasmPR, where dissociation from adhesion complexes was hampered by decreased CasSD phosphorylation (Fig. 4D ), yet enhanced by attenuation of the Src-Cas interaction.
Dual roles for Src, an enzyme that phosphorylates CasSD and tethers Cas molecules to adhesion sites
To examine the role of CasSD phosphorylation and Src-Cas association in Cas mobility at focal adhesions under different experimental settings, we used SYF cells, mouse embryonic fibroblasts that do not express the major SFKs -c-Src, c-Yes and Fyn (Klinghoffer et al., 1999) . As we reported previously (Sawada et al., 2006) , CasSD phosphorylation was not detectable in SYF cells, but it was restored by the exogenous expression of Src (Fig. 5A) . By contrast, when we conducted the TIRF-FRAP analysis using SYF cells, we found that the expression of exogenous Src did not significantly alter the recovery of GFP-CasWT fluorescence (Fig. 5B,C) . This is probably because the expression of exogenous Src in SYF cells generated two opposing effects -CasSD phosphorylation and Src-Cas association. As observed from CasmPR expression in Cas-deficient fibroblasts (Fig. 4) , these effects might offset each other in the regulation of Cas mobility. This notion is supported by the observation that treatment with the SFK inhibitor CGP77675 (Missbach et al., 1999) , which reduced CasSD phosphorylation (Fig. 5A) , impeded the recovery of GFPCasWT fluorescence in Src-expressing SYF cells (Fig. 5B,C) .
To dissect the role of Src-Cas association from that of CasSD phosphorylation, we tested the phosphorylation-defective mutant Cas15YF, by expressing it in SYF cells with and without exogenous Src expression. When we conducted TIRF-FRAP analysis on GFP-Cas15YF, the fluorescence recovery was significantly hindered by the exogenous expression of Src (Fig. 5D,E) . Furthermore, CGP77675 treatment did not significantly alter the effects of exogenous Src expression on the recovery of GFP-Cas15YF fluorescence (Fig. 5D,E) . These findings support the notion that Src possesses dual roles in regulating the mobility of Cas molecules at focal adhesions.
Stabilization of Src-Cas binding by genetic engineering retards cell migration
The mPR mutation in Cas that attenuated the Src-Cas association decreased CasSD phosphorylation (Fig. 4D) , as well as the rates of focal adhesion turnover and cell migration (compare wild type and mPR in supplementary material Fig. S4 ). The decreased CasSD phosphorylation observed in CasmPR-expressing cells compared with that in CasWT-expressing cells (Fig. 4D) indicates that CasSD phosphorylation is dependent on the Src-Cas association. By contrast, there appeared to be a CasSD-phosphorylationindependent mechanism by which the Src-Cas association contributed to focal adhesion turnover and cell migration (compare 15YF and 15YF/mPR in supplementary material Fig.  S4) . Furthermore, the TIRF-FRAP analysis of Cas15YF and Cas15YF/mPR revealed a distinction between Src-Cas association and CasSD phosphorylation in Cas displacement from adhesion sites (compare 15YF and 15YF/mPR in Fig. 4B,C) . We therefore dissected the roles of the Src-Cas association in the regulation of Cas dynamics at adhesion sites during cell migration. To achieve this, we employed an approach different from the use of CasmPR, because experiments using the latter did not allow us to distinguish between the effects of Src-Cas association and those of CasSD phosphorylation. To this end, we induced stable Src-Cas binding by genetic engineering. We took advantage of the bimolecular fluorescence complementation (BiFC) technique based on stable complex formation by YFP moieties (Hu et al., 2002) . For BiFC to occur, two fragments of a fluorescent protein, such as Venus, a modified YFP (Nagai et al., 2002) , need to be brought together through the interaction of the proteins to which they are fused, but not through the affinity of the fluorescent protein fragments themselves (Hu et al., 2002) . Once a BiFC complex is formed, dissociation of the two component proteins in the complex is hampered by the stable association of the fluorescent protein fragments (Kerppola, 2009 ). The ability of BiFC complexes to stabilize protein complexes can be used to investigate the functional consequences of stabilizing interactions between specific proteins (Kerppola, 2009) .
We fused the N-terminal (VN, amino acids 1-172) and Cterminal (VC, amino acids 155-238) fragments of Venus to the C-termini of Src and mCherry-Cas, respectively, for our BiFC experiments (Fig. 6A, upper panel) . This was because fusing any extra sequence to the N-terminus of Src prohibits its N-terminal myristoylation and normal function (Buss et al., 1986 ) and the Src-binding domain of Cas lies in its C-terminal region. When Src-VN and mCherry-Cas-VC were coexpressed in Casdeficient fibroblasts, Venus fluorescence was observed in a peripheral punctate pattern (Fig. 6B, upper panels) , indicating that these molecules formed BiFC-based stable complexes at focal adhesions. By contrast, the combination of Src-VC and mCherry-Cas-VN (Fig. 6A , lower panels) did not appear to form BiFC complexes, as Venus fluorescence was not detectable (Fig. 6B, lower panels) . This indicates that stable binding is not produced between Src-VC and mCherry-Cas-VN. Although the linker sequences between the Venus moieties (VN or VC) and Src or Cas are identical between these BiFC-positive and BiFCnegative combinations, association between the Venus moieties of the latter appears to be hindered by steric constraints (Kerppola, 2009) .
We confirmed that the Cas molecules with Venus moieties were phosphorylated and therefore still functional as Src substrates (Fig. 6C) . To examine whether BiFC-based stable binding between Src and Cas affected the mobility of Cas molecules at adhesion sites, we conducted TIRF-FRAP experiments on mCherry-Cas molecules (Fig. 6D) . The BiFCpositive combination of Src and mCherry-Cas gave a significantly smaller mobile fraction compared to the BiFCnegative combination (Fig. 6E) . These results indicate that BiFCbased stabilization of Src-Cas binding impedes Cas displacement from adhesion complexes. The expression levels of exogenous Src molecules fused with Venus moieties (Src-VN and Src-VC) were much higher than that of endogenous Src in both BiFCpositive and BiFC-negative combinations (Fig. 6C ). As such, the effects of endogenous Src on the behavior of Cas molecules (Cas-VC and Cas-VN) were presumably minor compared with those of exogenous Src. The BiFC technique was therefore instrumental in dissecting the role of Src-Cas association or dissociation from that of CasSD phosphorylation.
We then analyzed the effects of stabilized Src-Cas binding on the rates of cell migration and focal adhesion turnover. Casdeficient fibroblasts expressing the BiFC-positive combination of Src and Cas molecules showed slower migration with a longer focal adhesion lifetime compared with the cells expressing the BiFC-negative combination (Fig. 6F,G) , suggesting that dissociation from Src is vital for Cas to accelerate focal adhesion turnover and facilitate cell migration.
DISCUSSION Dissociation of Cas from Src at adhesion sites is a crucial step in the regulation of cell migration
We have demonstrated that both the Src-Cas association and CasSD phosphorylation are factors that contribute to the regulation of focal adhesion turnover and cell migration (supplementary material Fig. S4 ). Cas binding to Src through CasSB supports CasSD phosphorylation ( Fig. 4D ; Meenderink et al., 2010; Nakamoto et al., 1997) , which facilitates focal adhesion turnover and cell migration (supplementary material Fig. S4 ). CasSD phosphorylation is known to influence regulatory proteins with downstream consequences on cell migration. For example, CasSD phosphorylation activates the Crk-DOCK180-Rac signaling pathway (Hsia et al., 2003) , which, in turn, affects Pak1, a downstream effector protein of Rac. Pak1 has been shown to increase the rates of focal adhesion turnover and cell migration (Delorme-Walker et al., 2011) . It is therefore possible that SrcCas associations contribute to the acceleration of cell migration merely by enhancing CasSD phosphorylation. To address this, we used the BiFC technique and, interestingly, the comparison between the BiFC-positive and BiFC-negative combinations of Src and Cas reveals that interrupting Cas dissociation from Src at focal adhesions decreases the rates of focal adhesion turnover and cell migration. This suggests that the dissociation of Cas from Src is a crucial step in the process regulating cell migration and demonstrates the importance of the Src-Cas association besides its effect on CasSD phosphorylation.
Roles of actomyosin contraction in adhesion dynamics and cell migration
Our results show that actomyosin-driven displacement of Cas from adhesion sites accelerates cell migration. Consistently, inhibition of actomyosin contraction retarded cell migration ( Fig. 1G; supplementary material Fig. S3F ; Hopkins et al., 2007; Ivkovic et al., 2012) . However, there are other studies that report that myosin inhibition either does not decrease or actually increases cell migration speed (Kuo et al., 2011) . Although actomyosin-based contractile force is crucial for the maturation of focal adhesions, contractility-dependent phosphorylation of FAK and paxillin facilitates the disassembly of focal adhesions Webb et al., 2004) . These opposing effects of actomyosin on the turnover dynamics of focal adhesions potentially influence cell migration. Because there is a large variation in the reported lifetime of focal adhesions (Lee et al., 2010; Meenderink et al., 2010; Stricker et al., 2013) , we speculate that the maturation and disassembly of focal adhesions might be modulated and coordinated by actomyosin contraction in a manner that differs between different cell types and/or under different conditions. In line with this idea, we found that treatment with a higher concentration (10 or 20 mM) of Y-27632 increased the cell migration rate (supplementary material Fig.  S1C ), suggesting that a difference in the extent of actomyosin inhibition shifts the regime of adhesion dynamics and cell migration.
Cas displacement at adhesion sites -a link between inwardmoving actin filaments and stationary components of adhesion complexes
Based on the results and ideas described above, we propose a model of Cas displacement at adhesion sites (Fig. 7) . In this model, unphosphorylated Cas molecules are distributed diffusely throughout the cytosol. When a Cas molecule is recruited to an adhesion complex, Src binds to the CasSB and tethers Cas to the adhesion complex. CasSD is subsequently phosphorylated, and this phosphorylation facilitates the formation of a molecular complex that links Cas molecules at focal adhesions to the actin cytoskeleton. The actin cytoskeleton continues to move inwards, leading to the displacement of Cas from the adhesion site.
Actomyosin-based forces that are transmitted to extracellular substrates through focal adhesions drive cell migration (Chen, 2008; Ridley et al., 2003) . Force transmission from the actin cytoskeleton, which is undergoing retrograde flow, to the stationary integrin-ECM complexes has been described as a 'slippage clutch' (Wang, 2007; Gardel et al., 2010) , where the force is transmitted through dynamic transient connections between focal adhesion components (Brown et al., 2006; Hu et al., 2007) . If CasSD phosphorylation facilitates the formation of a molecular complex that connects actin filaments to adhesion complexes as discussed above, it follows that such Cas complexes might be able to transmit the inward motion of the actin cytoskeleton to the adhesion complexes. In this case, Src-Cas binding might serve as a means for the transmission of forces from actin-associated Cas to Src-containing adhesion complexes. Meanwhile, the transient nature of this link would enable coupling of the actin cytoskeleton to ECM-adhesion sites without abrogating actin movement. Because the dynamic actin-adhesion connection is crucial to allow cells to sense different substrate rigidities (Chan and Odde, 2008) , Cas might be involved in the rigidity-sensing mechanism through the formation of the actin-Cas-Src link that is tuned by CasSD phosphorylation (Kostic and Sheetz, 2006) . Further studies would be required to decipher the biophysical aspects of Cas in force transmission within the cytoskeleton-ECM link.
MATERIALS AND METHODS
Expression vectors
To construct retroviral expression vectors for GFP-CasWT and GFPCas15YF, we cloned the coding regions for wild-type Cas, Cas15YF and monomeric EGFP (Murakoshi et al., 2008) into pBabehygromycin by PCR. The retroviral expression vectors for GFP-CasmPR and GFP-Cas15YF/mPR were constructed by site-directed mutagenesis using the vectors for GFP-CasWT and GFP-Cas15YF expression as templates, following a procedure described previously (Machiyama et al., 2009) . All Cas mutants used in this study were cloned to the retroviral expression vector pBabe-hygromycin together with the coding sequence for mEGFP or mCherry. The retroviral expression vector for paxillinmCherry, paxillin-GFP, c-Src and mCherry-actin were constructed by PCR using pBabe-blasticidin (for paxillin-mCherry, paxillin-GFP and cSrc) and pBabe-puromysin (for mCherry-actin) as parent vectors.
To prepare the expression vectors used in the BiFC experiments, we first constructed mCherry-pBabe-hygromycin by PCR. The coding sequences for the N-terminal (amino acids 1-172) and the C-terminal (amino acids 155-238) fragments of Venus fused to the C-termini of wild-type Cas and c-Src were cloned by PCR using pcDNA3 as a parent vector and subcloned to the retroviral expression vectors mCherrypBabe-hygromycin and pBabe-puromycin, respectively. All PCR-based constructions were subject to DNA sequence confirmation.
Cell culture and retroviral infection
Cas-deficient fibroblasts and SYF cells were used for microscopic analyses, and HEK293T cells were used for retroviral infection. The cells used in this study were cultured in Dulbecco's Modified Eagle's Medium (DMEM; Nissui Pharmaceutical, Tokyo, Japan) containing 10% fetal bovine serum (FBS; Gibco, Grand Island, NY) supplemented with 100 units of penicillin, 100 mg/ml streptomycin (Gibco), 2 mM L-glutamine (Gibco), and 0.18% sodium bicarbonate at 37˚C under 5% CO 2 . Retroviral infection was performed as described previously (Kawauchi et al., 2008) . Infected cells were selected with 1.5 mg/ml puromycin, 300 mg/ml hygromycin or 5 mg/ml blasticidin for 2-3 days, depending upon the vector used.
Antibodies
The antibodies used were against Cas (aCas3) (Sakai et al., 1994) , phosphorylated (phospho)-Cas (Tyr165) (Cell Signaling Technology, Danvers, MA), FAK (Abcam, Cambridge, UK), phospho-FAK (Tyr397) (Millipore, Billerica, MA), Src (Millipore) and b-actin (Sigma-Aldrich, St Louis, MO).
Microscope settings
A TIRF analysis system was set up on an IX81 inverted microscope (Olympus, Tokyo, Japan) equipped with an electron multiplying chargecoupled device camera with a 5126512-pixel chip (Evolve 512, Photometrics, Tucson, AZ) and fiber-coupled 488-nm and 559-nm lasers to excite GFP and mCherry, respectively. A 206NA 0.45 objective lens was used for the wound healing assay. A 606NA 1.45 objective lens was used in the Cas localization analysis (mCherry and Venus) and in the measurement of focal adhesion lifetime (mCherry). A 1006 NA 1.49 objective lens was used to detect GFP and mCherry fluorescence in the TIRF-FRAP experiments. Metamorph software (Molecular Devices, Sunnyvale, CA) was used for image acquisition, and ImageJ software (National Institutes of Health) was used for image processing and final figure preparation. To record the retrograde flow of actin and the inward movement of Cas simultaneously, we used a TIRF microscope (Ti-E, Nikon, Tokyo Japan) equipped with an electron multiplying charge-coupled device camera with a 5126512-pixel chip (iXon3 897, Andor Technology, Belfast, UK), 1006 NA 1.49 objective lens and fiber-coupled 488-nm and 559-nm lasers to excite GFP and mCherry. The TIRF images of GFP and mCherry were recorded every 10 s for 30 min. NIS elements software (Nikon) was used for image acquisition, and ImageJ software was used for image processing and final figure preparation.
Wound healing assay
Cells were grown overnight in DMEM containing 10% FBS. A Chamlide magnetic chamber (Live Cell Instrument, Seoul, Korea) with a collagen (50 mg/ml)-coated glass bottom was used to form a monolayer that was scratched with a pipette tip and viewed with a microscope. Differential interference contrast (DIC) images were taken every 10 min for 8 h. Analysis of migration speed was performed using ImageJ software with a manual tracking plug-in. The displacement of the nuclei at each timepoint was plotted, and the migration rate was quantified as the slope of the plotted points.
Measurement of the lifetime of focal adhesion
Monolayers of Cas-deficient fibroblasts expressing mCherry-tagged paxillin were scratched 1 h before the initiation of observation, and mCherry-paxillin was monitored as a focal adhesion marker every 2 min for 4 h with TIRF microscopy. The lifetimes of individual focal adhesions were obtained by counting the number of sequential frames from the appearance of individual focal adhesions in the leading lamellae to their disappearance.
Image acquisition and photobleaching in the TIRF-FRAP experiments
The prebleach images of GFP-or mCherry-tagged Cas molecules were acquired by illuminating them every 100 ms for 5 s with 6% of the maximum power of the 488-nm or 559-nm laser, respectively. Fluorophores were then photobleached by illuminating them with the maximum laser power for 10 s. The images of fluorescence recovery were acquired by illuminating the field every 100 ms for 60 s with 6% of the maximum laser power. Photobleaching of fluorophores between the prebleach and the postbleach acquisitions was negligible.
TIRF-FRAP analysis
For TIRF-FRAP analysis, we measured the fluorescence from individual focal adhesions in the leading lamellae of a scratched monolayer and plotted the relative intensity against time. Time zero was set as the time when photobleaching was terminated. The plots were fitted by using equation 1,
where I(t) represents the mean intensity value of individual focal adhesions normalized against the mean intensity before photobleaching (I 0 ). The mobile fraction (M), time constant (t) and constant (c) were used as fitting parameters. The half-recovery time T 1/2 was calculated using equation 2;
T 1=2~l n 2 ð Þ|t: ð2Þ
All numerical data in this study are presented as the mean6s.e.m.
